We present a multi-purpose mirror furnace designed for synchrotron X-ray experiments. The furnace is optimized specifically for dark-field X-ray microscopy (DFXM) of crystalline materials at the beamline ID06 of the ESRF. The furnace can reach up to ≈ 1600°C with stability better than 2°C, and heating and cooling rates up to 30°C/s. The contact-less design enables samples to be heated either in air or in a controlled atmosphere in a capillary tube. The temperature was calibrated via the thermal expansion of an α-iron grain. Temperature profiles in the y and z axes were measured by scanning a thermocouple through the focal spot of the furnace. In the current configuration of the beamline, the furnace can be used for DFXM, near-field X-ray topography, bright field X-ray nanotomography, highresolution reciprocal space mapping, and limited powder diffraction experiments. As a first application, we present a DFXM case study on isothermal heating of a commercially pure Al single crystal.
I. INTRODUCTION
Microstructure often governs the performance of engineering materials. Industrial applications use heat treatments to tune a material's microstructure for desired mechanical properties, as the microstructure of metals and alloys depend on the material's thermal history 1 . Ceramics and optical materials also are often heat treated to modify the material performance, as seen in aerospace, energy, communication, and biomedical applications. A wide range of applications thus require in-situ studies to understand the microscopic processes that occurs during heat treatment to design and develop engineering materials.
Many industrial materials have hierarchical structures of grains and domains that span several length scales, requiring that high-temperature studies of the material behavior consist of non-destructive measurements that can be accurate from 10 nm to 1 mm, with high angular resolution. Electron-based microscopy methods such as electron back-scatter diffraction (EBSD) and transmission electron microscopy (TEM) can probe several length-scales with a high spatial-resolution, however, the limited penetration depth of electron beams require very thin samples or invasive sectioning processes 2 . Synchrotron diffraction methods such as 3DXRD 3 and its near-field derivative diffraction contrast tomography (DCT) 4 can measure 3D information in a non-destructive manner, but cannot map highly deformed samples or nm-sized domains because they have overlapping peaks and insufficient spatial resolution , respectively. Dark-field X-ray microscopy (DFXM) is a new technique that non-destructively collects three-dimensional (3D) information about the material's strain and orientation at different length-scales [5] [6] [7] [8] . Analogous to dark-field electron microscopy, DFXM uses an objective lens to magnify features that diffract in a crystalline sample. Using high-energy synchrotron x-rays, the beam penetrates deep inside the crystal, resolving features that are deeply embedded inside the crystal. Full 3D mapping can be performed in minutes, with changes to the field of view and spatial resolution requiring only simple reconfiguration of the x-ray objective lens. Spatial resolution has reached 100 nm, with an angular resolution of 0.001 • . The high-resolution and high-sensitivity, coupled with the deep penetration-depth makes DFXM a unique tool to study the in-situ behavior of crystalline engineering materials at high temperature.
Here, we present a non-contact optical furnace designed specifically to be compatible with DFXM experiments at the European Synchrotron Radiation Facility (ESRF).
II. SPECIFICATIONS
As the primary scientific goal of this furnace was originally to study heat treatments of metals, we have focused its calibrations on the temperature range relevant to process steel, namely, from room temperature to above 1200°C. Within that range, we have explored fast rates of heating and cooling. The heating and cooling rates are important for industry applications that require isothermal studies. Cooling rates of 25-30°/s are typical for austenite to pearlite and/or martensite transition in many steel alloys 9 . Therefore the furnace should achieve these cooling rates or more.
Thermal stability was important to investigate for both isothermal studies and to ensure that temperature fluctuations do not alter the state of the sample during a DFXM scan. apertures that are, therefore, highly sensitive to changes in the diffraction angle (from the d-spacing), which may be caused by thermal expansion or strain.
In designing this furnace for ID06, we also worked to ensure that the furnace could be compatible with the other X-ray techniques available there, including DFXM, brightfield tomography, near-field diffraction topography and highresolution reciprocal space mapping. The furnace therefore has clear apertures to allow for the incident beam, diffracted beam, and/or transmitted beam of X-rays. The setup is designed to accommodate the current setup's diffraction along vertical the scattering plane 8 , with scattering angles up to 2θ ≈ 30°. Finally, the furnace is designed to permit a full 360°s ample rotation about the y axis, which allows experiments to rock the crystal along one rotational axis for diffraction in the vertical geometry 8 .
As this work focuses on embedded structures within the material, the X-ray measurements are performed in transmission (Laue) geometry with photon energies in the range of 15-35 keV. Typical samples have a size of 0.5-2 mm in the x and z directions, and a length of at least several mm along the y axis. The samples were mounted inside a quartz capillary that was filled either in air or in a protective atmosphere.
The primary constraint in designing the furnace was the space available at the sample stage at ID06 10 , specifically, the distance between the mounting surface and the goniometer's center of rotation (i.e. the sample position). The mounting surface of the goniometer is on the negative y side (right side in Fig. 1(b) ). Furthermore, the furnace should be small enough to fit a near-field camera for sample alignment and near-field X-ray topography, with the camera sitting 50-100 mm downstream from the sample.
III. IMPLEMENTATION
To accommodate the specifications and constraints listed above, we chose a contact-less optical furnace, where the furnace and sample are mounted independently. This has the several benefits:
• Heat transfer from the furnace to the goniometer is reduced, thus minimizing long-timescale thermal drift of the sample position.
• The furnace and the associated power cables and cooling water lines do not increase the mechanical load on the goniometer stages.
• Potential vibrations of the furnace (e.g. due to water cooling) are not transmitted to the sample.
• The furnace remains stationary during X-ray experiments, even when the sample is rotated or moved, minimizing the necessary size of the openings for the incident and diffracted beam. This reduces power loss, increasing the efficiency of the furnace and minimizing inhomogeneities in the heating.
• As the furnace is mounted on a separate motorized y translation stage, the furnace may be retracted without repositioning the sample. This can be helpful to access a wider range of scattering angles, as has been performed in interrupted annealing measurements with 3DXRD 11 .
• The sample's temperature can be changed rapidly, as only the lamps and sample are "hot,"i.e. the thermal inertia of the system is very small. In principle, the rapid temperature response makes PID regulation easy.
A schematic layout of the furnace is shown in Fig. 1 . Two lamps are used for the heating element in this design, as preliminary tests with a single bulb did not reach the desired temperatures. The bulbs are each positioned in a reflective cavity with a shape defined by two intersecting ellipsoids. The sample is positioned at the shared central focus, and the bulbs sit at the other two foci, as shown in Fig. 1 . The reflectors are machined from copper and they may be cooled by circulating either air or water in integrated cooling channels to regulate the temperature. After polishing the reflecting surfaces, the copper parts were gold plated.
The heating elements in the furnace are two identical 400watt halogen light bulbs. The lamps are connected in parallel to a Delta Elektronika DC power supply, operated at constant power via a software PID loop. The required power for a given set-point temperature is obtained from a look-up table. As the sample's temperature can be varied with the beamline control software, data can be acquired automatically with slow, step-wise temperature ramps or interrupted annealing over a precise duration. Different samples may require a different power to achieve the same set-point temperature due to deviations in it's surface reflectivity and absorption cross-section 12 .
Samples can be inserted horizontally (perpendicular to the scattering plane) through an opening with ≈ 5 mm diameter. The distance from the outside edge of the furnace to the sample position is ≈ 27 mm. The size of this opening allows the samples to be sealed in capillaries with a desired atmosphere, if necessary. The aperture for the incident X-rays has diameter of 2.5 mm, matching the field of view of the near-field camera. On the downstream side, a vertical slot with 2.5 mm width allows beams with vertical scattering angle up to 30°to exit the furnace. The axis of the double ellipsoid furnace is inclined 45°towards the incident beam to maximize the accessible range of scattering angles, as shown in Fig. 1 .
The integrated cooling channels ensure that the outside temperature of the furnace remains below 20°C, even when it operates at temperatures above 1000°C. Parasitic heating of the surroundings is thus limited is thus limited to radiation that escapes through the beam apertures, the sample aperture, and near the bases of the two lamps. The cooling channels allow for safe operation of equipment surrounding the furnace, including the goniometer, sample stage, near-field camera, and others.
There are some disadvantages of the chosen geometry:
• The focal point of the furnace is located 27 mm from the outer edges of the furnace. The sample mount must therefore be long and thin to position the material at the center of the furnace. As most of this support is heated, the sample position may require adjustments after large changes in temperature to correct for thermal expansion of the support(s).
• The small diameter of the sample aperture (5 mm) strongly limits the range of sample rotations about the x (incident beam) and z (vertical) axes. Increasing the accessible angular range would require a larger lateral opening in the furnace, which would leak significantly more heat into the goniometer. These changes could also destabilize the sample position, causing asymmetry and inhomogeneity in the radiation and resulting heat load.
• The sample's temperature is not measured directly. The heat transferred to the sample and therefore the resulting sample temperature depend the absorption crosssection of the sample. At a given power, a strongly absorbing sample may be much hotter than a highly reflective sample. This means that the relationship between the power to the lamps and the temperature at the sample must be independently calibrated, for example, using either thermal expansion measurements.
• The small thermal mass and ability to rapidly change the sample temperature reduce the system's short-term temperature stability.
IV. RESULTS AND DISCUSSIONS
A. Characterization by thermocouple Figure 2 shows the temperature response of a K-type thermocouple located at the center of the furnace at different power values. 5 minutes after reaching to the target temperature, the temperature stability of our furnace is better than 2°C. Note that the measured temperatures are different at two plateaus of P = 37 W. This is due to the blackening of the thermocouple during the heating at P= 69 W, which resulted in further light absorption. therefore the measured temperature at P =37W for the second time is higher than that of the first time. The heating and cooling times calculated using exponential fits to the temperature-time graph shown in Figure  2 . Heating rates to a set temperature are faster than the cooling counter parts, due to the thermal mass of the furnace. Note in this experiment, we used air cooling. Nevertheless, the cooling rates can be increased by means of external air or gas blow using pipes mounted to the furnace and/or goniometer.
FIG. 2. Temperature calibration using a K-type thermocouple showing heating and cooling rates for given set temperatures. Figure 3 shows the temperature distribution in y and z directions at different power of the lamps measured with a Ktype thermocouple. The measured temperature increases as a function of power whereas it decreases as the thermocouple is further away from the center of the furnace. Both the temperature distribution is expected to be symmetrical for both y and z directions around the center.
B. Characterization by lattice parameter
We used a recrystallized α iron grain within a Fe-3%Si sample with dimensions of 0.17 x 0.17 x 8 mm 3 inside a quartz capillary to calibrate the furnace. We probed the shift of the 110 Bragg peak in vertical direction with a photon energy of 17 keV on a FReLoN CCD located 5090 mm downstream of the sample. The d spacing of 110 for each furnace power was used to calculate the temperature of the sample using the equation described elsewhere 13 .
C. Usage During a DFXM Experiment
The furnace was tested during studies investigating the evolution of defects with temperature in single-crystals of commercially pure aluminum. The 0.5 x 0.5 x 20 mm 3 crystals were purchased from Surface Preparation Laboratories, where they were were cut from a larger sample and polished by chemical etching to reduce residual strains. Oriented along their crystallographic axes, the samples from a single slab of single-crystal commercially pure aluminum. No heat treatments were performed prior to slow-ramp heating of the samples in this experiment. The experiments were carried out on the dark-field x-ray microscope at the ESRF beamline ID06 10 . A Si(111) double crystal monochromator selected x-ray at photon energy 17 keV from the undulator source.
Before reaching the sample, the incident X-rays were passed through a 2D transfocator with compound refractive lenses (CRLs) totalling 8 Be lenslets (apex radius of curvature R = 200 µm), followed by a 1D condenser with 58 Be lenslets (R = 200 µm). A 300 × 2 µm (horizontal × vertical) spot of the sample was probed by the X-rays, which was then imaged with an X-ray objective comprised of 88 2D Be parabolic lenses (R = 50 µm) that was placed 274 mm behind the sample, producing an effective focal length of 260 mm. A far-field CCD camera was positioned 5364 mm from the sample to capture the magnified image. The effective magnification was 18.5x, with a final effective pixel size of 75 nm/pixel when combined with the scintillator-based optical components used with the detector. The incident X-ray line beam illuminated a ≈ 2 µm high layer of the sample to capture section topographs. To map the relative axial strain, longitudinal (θ − 2θ ) scans were performed by collecting dark-field images across scans of the sample tilt, and scans of the objective and camera positions. We probed 002 Bragg reflection of the Aluminum crystal at 2θ = 20.84°. Temperature was calibrated for the Al sample using the thermal expansion coefficients described in 14 . The images from this study reveal refinement of the microstructure with increasing temperature, resolving the temperature range required to anneal 15 . While we only observe poorly-resolved diffuse features at low T, as T increases, the features in each image clarify into linear structures. DFXM resolves local strain and misorientation in crystals that arise from long-range strain fields surrounding defects or grain boundaries. We interpret the low-temperature diffuse features to arise from a high density of defects, which are difficult to resolve from each other because their strain and misorientation overlap at our DFXM resolution. With this perspective, the change from diffuse to clearer features in our DFXM images suggest that we observe the decrease in dislocation density that is known to occur during annealing 16 . This indicates that the high-temperature features are likely single or small clusters of dislocations, as has been observed in diamond elsewhere 17 . The optical furnace in this work enabled the current experiment to probe a large region of sample that is evenly heated with limited thermal gradients. Similar studies can provide such insight to a host of other samples.
V. CONCLUSION
We demonstrated a lamp furnace developed for DFXM studies at ID06 beamline at the ESRF. The furnace was calibrated using two distinct methods; by means of a K-type thermocouple and tracing the lattice parameter change of an α iron grain. Temperatures up to 1600 C°can be reached using the furnace, which makes it ideal to study steel alloys and ceramics. Even though the furnace was designed for DFXM studies, it is compatible with the other methods available at ID06 such as bright-field tomography, near-field diffraction topography and high-resolution reciprocal space mapping. We showed a case study of the DXFM of isothermal heating of pure Al single crystal. Axial strain maps showed structural modifications as a function of temperature. The current limitations of furnace can be given as the difficulty of the mosaicity scans due to the tilt range orthogonal to the rocking, and the impossibility of a full 3DXRD scan due to the limited size of the beam exit. Nevertheless, these studies are still possible for interrupted heating schemes by translating the furnace out without moving the sample.
